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A Differential Viscosity Detector for Use in
Miniaturized Chemical Separation Systems
Marko T. Blom, Emil Chmela, Frank H. J van der Heyden, R. Edwin Oosterbroek, Robert Tijssen, Miko Elwenspoek,
and Albert van den Berg
Abstract—In this paper, we present a micromachined differential
viscosity detector suitable for integration into an on-chip hydro-
dynamic chromatography system. The general design, however, is
applicable to any liquid chromatography system that is used for
separation of polymers. The micromachined part of the detector
consists of a fluidic Wheatstone bridge and a low hydraulic capaci-
tance pressure sensor of which the pressure sensing is based on op-
tical detection of a membrane deflection. The stand-alone sensor
shows a resolution in specific viscosity of 3 10 3, in which spe-
cific viscosity is defined as the increase in viscosity by a sample,
relative to the baseline viscosity of a solvent. [0947]
Index Terms—Microfluidics, viscometer, viscosity detection.
I. INTRODUCTION
A. Liquid Chromatography
L IQUID chromatography (LC) [1] is a powerful analysistechnique, which can among others, be used for the anal-
ysis of polymers, aimed at the determination of the number of
molecules of a certain mass. This provides the so-called Molec-
ular Mass Distribution of the sample. The analysis is based
on the separation of molecules of different sizes, and thus dif-
ferent masses, and subsequent detection. Separation is achieved
by size-dependent interaction of the sample with a stationary
phase in a separation channel. At the entrance of the separation
channel a sample plug containing different polymer masses is
defined. When this plug is moved through the channel, different
masses will have different velocities and will thus elute from
the channel at different times, which can be detected. Several
techniques are available for detection of the plug after the sepa-
ration is complete. Refractive index detection, ultraviolet (UV)
absorption, fluorescence and viscometric detection are among
the most common ones. Of those detection possibilities refrac-
tive index and viscometric detection are in principle applicable
to all kinds of polymers.
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Fig. 1. The principle of hydrodynamic chromatography.
B. Viscometric Detection
Viscometric detection is based on the fact that a polymer plug
in solution has a slightly higher viscosity than the solvent itself.
Accordingly, the viscosity of a dilute polymer solution con-
sists of a constant solvent viscosity and a specific viscosity
resulting from the polymers in solution [2]
(1)
All variables used in this paper have been summarized in
Table IV. The specific viscosity, which determines the required
sensitivity of the viscosity detector, is proportional to the
polymer concentration and the intrinsic viscosity . The
intrinsic viscosity is related to the polymer mass through
the Mark–Houwink (2):
(2)
In this equation and are empirically determined
constants that give information about the polymer structure, for
example long chain branching. Typical values for polystyrene
in toluene are and [3].
As can be seen from (1) and (2), viscometric detection is sen-
sitive to both polymer concentration and mass. As such it can
give additional information compared to detectors that are only
sensitive to concentration, such as refractive index or absorption
detectors.
Commercially available differential viscosity detectors have
a resolution in specific viscosity of . For this proof-of-prin-
ciple device we aim at a resolution of .
C. Integration With On-Chip Hydrodynamic Chromatography
The requirements of the detector design are related to the type
of on-chip separation system the detector has to be coupled to.
In this case we aim at integration with an on-chip Hydrody-
namic Chromatography system as described in [4]–[6]. Separa-
tion by hydrodynamic chromatography is entirely based on the
flow profile: in a small channel with a pressure-driven parabolic
flow, larger molecules will not be able to approach the wall as
much as smaller molecules and thus will have a larger average
velocity (see Fig. 1).
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Fig. 2. Injection schematic. An explanation is given in the text.
In [7]–[9] it was shown that this principle could be used
for chromatographic separations in fused silica capillaries
with inner diameters in the micrometer range. Unfortunately,
detection suffered from the low signal levels generated in the
small detection volume. By using a planar chip configuration
as described in [4]–[6] with a depth in the micrometer range
and a channel that is as wide as possible, the detection volume
can be increased while maintaining the geometrical separation.
For practical reasons described in [4] the width is restricted to
1 mm. Combined with a flow speed regime of 0.01–1 mm/s
this means that the volume flow is extremely low which is an
important characteristic when designing the detector.
In order to be able to inject sub-nanoliter sample plugs into
the separation channel, an injection structure was developed,
which is shown in Fig. 2 [4], [10]. The three injection slits de-
picted in Fig. 2 are shown in a cross-section along the channel.
In the first step sample is introduced between slit 2 and slit 3. In
the second and third step slit 2 is closed and solvent is pushed
through slit 1 moving part of the sample into the separation
channel. The remaining part is pushed through a well-defined
resistance connected to slit 3 in order to prevent tailing of the
sample plug.
Furthermore polymer chromatography in general demands
avoiding excessive shear stresses since so-called “shear-thin-
ning” effects can influence the viscosity measurement [10]. This
means in the presented design, employing channel heights in the
micrometer range, that the linear velocity in the complete device
cannot exceed 0.5 mm/s.
II. INTEGRATED VISCOSITY DETECTION
A. Viscosity Detection Principles
Several viscosity detection principles exist that are suitable
for microtechnology fabrication. First of all, the fluidic resis-
tance of a channel depends on the viscosity. Thus by measuring
the pressure drop along a channel, the viscosity can be moni-
tored [12], [13]. Secondly, the shear stress on a channel wall is
a measure for the viscosity of the fluid moving along that wall.
Several micromachined devices have been presented that are ca-
pable of measuring the shear stress [14]–[21]. Furthermore vis-
cosity sensors have been described that use shear acoustic waves
sensitive to viscosity and/or density changes [22]–[27].
In [28], [29] a microfabricated viscosity sensor is used that is
capable of measuring a viscosity ratio between a sample and a
reference stream combined in one channel. The sensing is based
on the observation that the position of the dividing line depends
on the flow and the viscosity ratio of the streams. This however
only works on compounds that can be visualized. Moreover,
optical detection is difficult if small volume flows are used as
is necessary for coupling to a HDC chip.
All but the last of these techniques have the important dis-
advantage that they measure an absolute viscosity. Since for
viscosity detection in polymer chromatography only a small
change in viscosity on a large baseline must be detected the sen-
sitivity of these techniques will not be sufficient. Accordingly a
differential technique is required.
In [30], [31] a Wheatstone bridge configuration is used as
shown in Fig. 3. Four equal fluidic resistances are arranged in
a bridge. Initially the bridge is balanced and the differential
pressure equals zero. A polymer peak entering the bridge
changes the resistance value of the fluidic resistances in the
lower branch and of the first resistance in the upper branch. As
the peak is delayed in a large reservoir volume located before the
last resistance in the upper branch, this resistance is not changed.
The corresponding change in the differential pressure is a
direct measure for the specific viscosity of the polymer plug in
the fluidic resistance as will be shown in the next paragraph. The
delay volume in the lower branch is added for symmetry rea-
sons. This principle is applied in a commercial viscosity detector
[32] as well. That device is intended for use with conventional
polymer chromatography systems and is therefore not directly
suitable for integration with micromachined separation systems.
Consequently, an alternative micromachined design using the
Wheatstone bridge configuration [33] was developed.
B. Wheatstone Bridge Response
In this section the specific viscosity from formula (1),
which is the parameter we want to detect, is related to the differ-
ential pressure and the bridge pressure . Time constants
determining the speed of the system are identified as well. A
schematic of the system is shown in Fig. 4. We can distinguish
three parts in the total system: the separation channel including
the injection, the measurement of the bridge pressure and the
Wheatstone bridge. The injection and separation part can be rep-
resented by the fluidic resistances , and . The part of
the separation channel that is used as injection region is repre-
sented by . Resistance corresponds to slit 3 in Fig. 3. The
separation channel itself is modeled by . Since in this paper
we consider a stand-alone viscodetector, i.e., without a separa-
tion channel, but with an integrated structure for injection of a
sample zone, we can assume that . The pres-
sure sensors are represented by capacitances and , as we
will be using membrane-type pressure sensors. In those sensors
a deflection gives rise to a volume change under the membrane,
which can be modeled by a hydraulic capacitance. The effect of
an increase in viscosity due to a polymer peak is represented by
an increase in fluidic resistance .
When starting a measurement, an input pressure is ap-
plied. Assuming that initially , the response of the
bridge pressure is
(3)
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Fig. 3. Differential viscosity detection by using a Wheatstone bridge of fluidic resistances.
Fig. 4. Equivalent electrical network of a Wheatstone bridge viscosity detector.
The fluidic resistance of a channel is defined by the pressure
drop divided by the volume flow. For a channel of rectangular
cross-section and length for which the height width
the resistance is [34]
(4)
Combination of (1) and (4) gives for
(5)
For a dynamic analysis of the response of on an increase in
we assume , which will generally be valid for
dilute polymer solutions. Furthermore we model the concentra-
tion of the plug entering the bridge, and according to (5) also
, with a function that increases linearly from zero at
to a constant value at . This results in
(6)
in which is the Heaviside function and ,
. This is shown in Fig. 5. It is clear from this equation that
smaller time constants and will improve the speed of the
system. For the case , in which the pressures and
are constant (implying ), (6) can be simplified. For the
following expression the exact form of is not important.
Fig. 5. The normalized response P (t) of the system from Fig. 3 on a
pressure step at t = 0 and a R for which T = 2 s and T = 10 s. The time
constants  and  are 8 s and 5 s, respectively.
Since , the assumption and thus can
be removed giving
(7)
This gives the desired expression for the specific viscosity
as a function of the bridge and the differential pressure.
C. Membrane Pressure Sensing
The detection speed of the system is mainly determined by
the hydraulic capacitance of the differential pressure sensor, as
this is the sensor that directly responds to a viscosity change. Its
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response time constant is proportional to the hydraulic capaci-
tance defined by
(8)
in which is the volume displacement of the membrane. This
displacement can be calculated from the deflection surface
of a membrane under pressure. Because we will be
using microfabricated sensors an intrinsic stress in the mem-
brane material will be present. Consequently, the expression
given in [35] for the deflection surface of a membrane with an
intrinsic stress is used.
Since the membrane deflection of this sensor is measured
using the angular deflection of a laser beam, the sensitivity to
pressure changes is determined by . Combining a large
deflection angle and a minimum capacitance means that the
pressure sensing membrane must be both small and thin. The
membrane thickness is limited by technological considerations.
The space needed for the detection sets a lower limit on the
membrane size.
III. THE MICRO VISCOSITY DETECTOR
In order to be able to analyze the performance of the sensor,
a stand-alone detector was designed, i.e., without a HDC sepa-
ration channel. However, in order to ensure integration, the fab-
rication process was kept identical to the process used for the
HDC chip described in [4]–[6]. This means that two different
channel depths were defined in a silicon wafer and closed by
bonding a Pyrex wafer on top. The smallest channel depth is
the same one used for the HDC separation, which is 1 . The
deeper channel depth can be chosen in the range 20–50 de-
pending on the viscometer requirements.
A. Design
Because an actual separation channel is not incorporated in
this device, the injection structure is used to generate a viscosity
transition similar to the one encountered at the end of a HDC
separation channel. The injection structure is constructed in a
flat, (1 high, 1 mm wide) wide channel part with the same
cross-sectional dimensions as an HDC separation channel.
Since a minimum channel height of 1 was used for the in-
jection channel part preceding the bridge, the only way to create
extra fluidic resistance is by narrowing the channel. This how-
ever disturbs the definition of the sample zone. In order to mini-
mize dispersion, nozzle structures are added that guide the plug
into the resistance channels. The nozzle shape is shown in Fig. 6.
Simulation results regarding the performance of the nozzles will
be published in a separate paper.
Directly after the injection the plug is split; one half of the
flow enters the measurement resistance, the other half has to be
absorbed by a delay volume that has negligible fluidic resistance
compared to the bridge resistance. This is achieved by creating
a deeper channel structure.
The delay volumes must be large enough to contain all frac-
tions created during one separation run. The maximum spatial
separation in an on-chip HDC separation with a 10 cm long sep-
aration channel is estimated to be 20 mm, which corresponds to
Fig. 6. Top view of the transition region from the injection part to the entrance
of the bridge, consisting of a nozzle leading to a fluidic resistance and a deeper
(40 m) delay volume. The lighter region is 1 m deep.
Fig. 7. Top view of the injection region and the first half of the bridge. The
lighter regions are 1 m deep; the darker regions are 40 m deep. The dashed
region between slit 2 and 3 is the region where the viscosity plug is defined using
the injection scheme described in [10].
a volume of 20 nl. For a delay volume depth of 40 and a
width of 500 , a minimum length of 1 mm is required. This
can be increased in order to better fit the complete design.
According to formula (2) the specific viscosity strongly
depends on the polymer mass . The detector is designed for
an accuracy in specific viscosity of which means that
a concentration of 3 polystyrene of mass
Dalton in toluene can just be detected. This concentration is
10% of the expected peak concentration in a typical polymer
separation. Toluene produces a background constant viscosity
of 5.5 , resulting in a required sensitivity of
0.055 . This should be translated to dimensions for the
flow resistances as shown in Fig. 7. The following effects
determine the required dimensions of the resistance channels.
1) The resolution in is determined by the relative
error in the differential pressure measurement. Conse-
quently, the total differential pressure should be maxi-
mized by maximizing the resistances .
2) To obtain sufficient spatial resolution of the peaks, the
internal volume of the resistances should be small com-
pared to the volume of the viscosity plug.
3) The velocity in the resistance channels should be lim-
ited to because of the shear-thinning
effects mentioned before.
Combination of these requirements leads to the sensor dimen-
sions shown in Table I. In order to obtain the desired
a resolution in differential pressure sensing of
is needed for this configuration. The hydraulic capaci-
tance of the differential sensor can be estimated using the re-
quired value for the time constant and the dimen-
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TABLE I
DIMENSIONS IN THE VISCOMETER DESIGN
sions for from Table I. Considering a maximum velocity of
0.5 mm/s and a sample zone length of 1.2 mm a is
needed resulting in .
As we could not find a commercial pressure sensor that com-
bines a resolution of 0.6 Pa with a hydraulic capacitance of
we developed a membrane pressure sensor con-
sisting of a silicon nitride membrane. The silicon nitride mem-
brane is fixed inside a KOH-etched silicon structure, which also
incorporates a channel connecting the backside of the mem-
brane to one of the differential pressure ports. The membrane it-
self is aligned to the other differential pressure port. The channel
defined in the silicon wafer is closed by anodically bonding a
glass wafer on top. As the connection of the Wheatstone bridge
and the pressure sensor should be solvent resistant and should
not induce any additional hydraulic capacitance, the sensor is
anodically bonded to the channel chip.
The angular deflection of the membrane was measured opti-
cally using a laser beam that was focused at the side of the mem-
brane, thus giving a maximum angular deflection. The beam
shift was detected using a split photodiode. The sensor is de-
scribed in more detail in [36].
The hydraulic capacitance of the sensor for can be much
larger since it is not connected to the pressure source through
a high fluidic resistance, as is the case for . Consequently, a
commercial pressure sensor can be used, such as the Honeywell
24PC series.
B. Fabrication
The fabrication sequence of the channel structure is basically
the same as the one that was used for fabrication of the HDC
chip described in [4]. Silicon wafers are thermally oxidized cre-
ating a 1 oxide layer. The first masking layer is used for
local BHF etching of the silicon oxide layer, defining the injec-
tion channel and the resistances. A new lithography step defines
the etch openings for the injection slits and the delay volumes.
These are etched to a depth of approximately 40 using cryo-
genic Deep Reactive Ion Etching [25], [26]. A SEM picture of
the channel structure in silicon is shown in Fig. 8.
Polished Pyrex wafers are provided with contact pads for the
Honeywell pressure sensor by sputtering of 20 nm Cr followed
by 200 nm Pt. Through-holes are defined using powderblasting
[39]–[41]. The Pyrex and silicon wafers are fusion-bonded and
annealed at 425 .
The differential pressure sensor, of which the fabrication is
described more extensively in [36], is bonded after dicing of the
chips containing the channel structure. For the pressure sensor a
206 206 silicon nitride membrane of thick-
ness is used. In order to facilitate bonding and contrary to [36],
no metal layer is sputtered onto the silicon nitride membrane.
Bonding is performed at 400 and 1.2 kV for 1 h.
Fig. 8. SEM picture of a part of the viscosity detector. Top left the 1 m deep
injection part is visible, connected to two narrower fluidic resistances by a nozzle
and a deeper delay volume.
Fig. 9. Close-up of a ready-to-use viscosity detector.
The Honeywell sensor is glued to the chip using epoxy glue
together with an electrical connector that is connected to the
metal layer on the glass using conductive silver glue (Leitsilber,
Degussa-Huls Benelux BV, Amsterdam). The Honeywell sensor
itself is electricallyconnected to themetal layerusingwirebonds.
For filling of the sensor a recipe is developed that uses the
good solubility of carbon dioxide in basic solutions. Because
this easily dissolves any trapped bubbles, no particular attention
was paid to minimizing dead volumes at this stage. In daily use
however, it is very important to prevent bubbles getting trapped
underneath the pressure sensor membranes. For this purpose a
flushing channel is present in the micromachined differential
sensor, which is connected to the top side of the membrane. For
the Honeywell sensor however, no flushing means is present yet.
After filling fused silica capillaries are connected using epoxy
glue. A picture of the finished chip is shown in Fig. 9.
IV. CHARACTERIZATION
A. The Stand-Alone Differential Pressure Sensor
The characterization of a stand-alone version of the differen-
tial pressure sensor is described extensively in [36]. A sensing
resolution of 2 Pa was estimated for a 125 125 , 200-nm-
thick silicon nitride membrane that
was coated with a thin metal layer.
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For the stand-alone viscometer a different, 206 206 and
thick membrane
is used, which is theoretically three times less sensitive. Addi-
tionally, there was no metal layer on the membrane. It was there-
fore tested using liquids with a larger viscosity difference.
B. Test Setup
The test setup uses a digital pressure controller (Bronkhorst
P-612C, Veenendaal, The Netherlands) that is capable of in-
dividually pressurizing with He-gas two home-made pressure
vessels filled with the buffer solution. For addressing the
pressure vessels a switch-board containing 4 gas valves is
used (Swagelok B41S2, Solon, USA). Each pressure vessel is
coupled to the capillaries that are glued to the injection slits
by a 6-port two-way valve (Valco C6W, Houston, TX). These
valves enable the use of the injection scheme from [10].
The Honeywell sensor is supplied with 10 V by a Delta Elek-
tronika E018-0.6D (Zierikzee, The Netherlands) voltage supply.
The output voltage is recorded using an HP 34401A multimeter
(Palo Alto, CA).
The membrane deflection of the differential pressure sensor
is measured optically. For that purpose a laser diode operating
at a wavelength of 670 nm (supply voltage ) is modu-
lated with a block wave at 5010 Hz. The laser beam is focused
at the membrane using a 25 mm focal length lens. The output
is recorded by a split photodiode coupled to a lock-in ampli-
fier (Stanford Research Systems SR830 DSP, Sunnyvale, USA).
The lock-in amplifier gives an output voltage
-
which is
proportional to the differential photodiode output. All signals
from the digital pressure controller, the Honeywell output and
the lock-in amplifier are collected at a sample rate of 0.5 Hz
using a HPVEE program.
C. The Performance of the Sensor
1) Introduction: The performance of the sensor consists of
two parts: the resolution in the measurement of the specific vis-
cosity and the speed of the system that is mainly deter-
mined by the time constant . Because the detector initially is
designed as a stand-alone sensor, the performance can be tested
by injecting a plug of liquid with a known viscosity into another
known liquid that serves as the running buffer, thus creating a
known viscosity difference expressed as a specific viscosity .
In order to determine the resolution in the pressure
sensing must be known. They can be related by using
(7) and observing that :
(9)
The maximum bridge pressure follows from the require-
ment that the velocity in the fluidic resistance cannot exceed 0.5
mm/s. The resolution in can be estimated from the resolu-





in which does not necessarily have to be a constant. Combi-




VISCOSITIES [42] OF THE LIQUIDS THAT WERE USED IN TESTING THE
VISCOSITY DETECTOR AT T = 23 C. THE BINARY DIFFUSION
COEFFICIENTS [43] IN WATER ARE TAKEN AT T = 25 C
Fig. 10. schematic of the concentration profile of the injected plug.
Hence, can be determined from a graph of lock-in amplifier
data obtained at different run pressures for a known viscosity
plug. Equation (10) can be used to calculate . Subse-
quently, the resolution can be estimated using (9).
As the sensor is filled with deionized (DI) water in the final
stage of the fabrication process DI water is used as the base-
line fluid. Since for a polymer viscosity detector the viscosity
differences that have to be measured are small the viscosity of
the liquid that is injected has to be close to that of water. For
this reason we choose methanol and ethanol as calibration sub-
stances. Both methanol and ethanol easily mix with water. Al-
though at first sight nonmiscible fluids enable a better definition
of a viscosity step, surface tension effects could complicate the
injection. Therefore fluids that easily mix with water are pre-
ferred.
The difference in viscosity relative to DI water is expressed
in the specific viscosity from (1) as shown in Table II. Al-
though this formula strictly speaking is only used for dilute
polymer solutions, expression of the detection performance as a
specific viscosity enables a better extension to the use of a vis-
cosity detector in polymer chromatography.
Because of diffusion and dispersion in the injection slits it is
impossible to inject a plug that has an infinitely steep transition
in viscosity (see Fig. 10). If this affects the detection depends
on the size of the transition region relative to the spatial resolu-
tion. The size of transition region depends on the geometry of
the injection region, the injection time and the binary diffusion
coefficients in water (see Table II).
Visualization is difficult because the proximity of the injec-
tion region and the capillaries prevents use of a fluorescence mi-
croscope. Therefore the precise shape of the concentration pro-
file is unknown. Consequently, formula (6) cannot be used so
that the time constant cannot be determined experimentally.
The existence of a transition region has an additional effect.
This is shown in Fig. 11 where the viscosity of a mixture of
ethanol or methanol with water shows a maximum that is larger
than the individual viscosities. This effect will be visible if the
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Fig. 11. the viscosity of mixtures of ethanol/DI water and methanol/DI water
at various mole fractions. The ethanol/DI water data were obtained using a
Contraves LS40 reometer, the data for methanol/DI were taken from [44].
transition region is large and the system fast enough to detect
these sudden viscosity changes.
2) Resolution of the Specific Viscosity Measurement: The
output from the absolute pressure sensor and from the
lock-in amplifier output
-
, are measured in time. From
the resulting graph of the lock-in output data for different pres-
sures the resolution can be derived using formulas (9)–(11).
Methanol Injection
A typical result for a run at bar using a methanol
plug that was injected for 1 min at 2 bar is shown in Fig. 12.
The viscosity is higher at the boundaries of the plug, where
mixing of methanol and water increases the viscosity, as was
shown in Fig. 11. The methanol viscosity, which is lower than
the water viscosity should give a negative signal for the output
of the lock-in amplifier. This is however not the case. First of
all, this is caused by the relatively large transition regions. An
estimate of the size of the transition regions can be made by cal-
culating the diffusion distance by
(12)
Using the value of Table II and the injection time of 60 s a dif-
fusion distance of 430 results, which is quite considerable
when compared to the injection region of 1.2 mm. Measurement
is further influenced by the fact that the volume of the resis-
tance is about one-fourteenth of the injection volume. Thus the
signal always represents and average value. Furthermore, the
plug profile could be disturbed somewhat when switching the
valves from injection to run, as was illustrated in [10].
The reasons mentioned above, combined with a finite (slow)
response time of the differential transducer, can very well ex-
plain the fact that the signal from Fig. 12 does not reach the
value for a 100% methanol viscosity before the trailing transi-
tion region enters the measurement resistance.
Even for different injection times and injection pressures and
different run pressures, no stable value for the methanol vis-
cosity could be measured. Consequently it is not possible to de-
rive any quantitative data from these measurements as the con-
centration profile in the transition region between methanol and
water is not known.
Ethanol Injection
When ethanol was injected, the same mixing effect could be
observed. However, this could be avoided by shortening the in-
Fig. 12. injection of a methanol plug. The mixing effect from Fig. 10 is clearly
visible at the leading and trailing edges of the plug.
Fig. 13. injection of an ethanol plug that was run at 0.39 bar. A viscosity peak
is clearly visible.
jection time thus limiting the diffusional broadening of the tran-
sition zone. Compared to methanol this effect was reduced be-
cause of the lower diffusion coefficient for ethanol. The reduc-
tion of the mixing effect for ethanol can also be explained by
the direction of the viscosity change. As mixing will mainly in-
crease the viscosity and since the ethanol viscosity is higher than
that of water, the mixing effect will be masked by the ethanol
signal. As for methanol a decrease in viscosity should be ob-
served, the mixing effect is much better visible.
It turned out that injection at 2.2 bar for 1 min sufficiently
limited the size of the transition region. The resulting output
from the lock-in amplifier and the Honeywell sensor from
a plug that was run at bar is shown in Fig. 13.
The part of the graph we are interested in is the constant part
between and 930 s. The delay in the pressure response
of the Honeywell sensor that was described by the time constant
causes a bridge input pressure that is, at the onset of the
constant part of the lock-in output, maximum 5% lower than the
applied pressure for all measurements performed. As (7) is
derived for , an additional error is introduced by this same
percentage. From bridge pressure response curves as shown in
Fig. 13 a value for can be determined. From measurements
performed at 4 different pressures (0.26 bar, 0.39 bar, 0.79 bar
and 0.98 bar) a value of is deduced. This can be
translated to a hydraulic capacitance for the Honeywell pressure
sensor of . As mentioned
before, and thus cannot be determined because of the
unknown concentration profile of the plug.
The maximum lock-in amplifier output for injection of
ethanol plugs in DI water at four different pressures: 0.26 bar,
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Fig. 14. maximum lock-in amplifier output against the bridge pressure for
ethanol injected at four different pressures.
Fig. 15. The inverse duration of the viscosity plugs for different run pressures
shows a linear trend indicating that the pressure and the velocity in the channels
are proportional.
0.39 bar, 0.79 bar, and 0.98 bar is shown in Fig. 14. Because we
are dealing with relatively large pressure differences the re-
sponse is not linear with (and thus with ). Consequently
for operation as a viscosity detector for polymer separations we
are interested in the range where and thus
-
is small.
For this region is a constant: .
The noise in the lock-in output signal is
-
which is independent of the pressure on the bridge. Equation
(10) gives . The maximum value of the
bridge pressure is determined by the maximum ve-
locity in the resistances , which can be
calculated to be bar. With (9) the resolu-
tion of the viscosity sensing is .
The velocity is estimated using the measured bridge pressure
and the calculated fluidic resistance. The validity of this ap-
proach can be determined by observing that the bridge pressure
has to be inversely proportional to the time duration of the
plug . From this a plug length can be calculated. The slope
in Fig. 15 gives a plug length of , independent of
the driving pressure. The linearity of Fig. 15 qualitatively vali-
dates the velocity calculations. The injection length of 2.1 mm is
larger than the injection region length of 1.2 mm (see Fig. 8).
The constant peak width points to a peak broadening that oc-
curs mainly during injection, by a combination of diffusive and
convective mixing.
Altogether this shows that a functional prototype viscosity
detector has been created. Although the resolution is not as good
TABLE III
MAIN RESULTS FOR THE PROTOTYPE VISCOSITY DETECTOR
as the desired there are several possibilities for
improvement that will be discussed in Section V.
V. DISCUSSION
A. Discussion of the Characterization Results
A summary of the results for this viscosity detector is given in
Table III. Comparing the realized resolution in specific viscosity
of 3.0 to the desired value of , shows that this de-
vice needs to be improved for use as a detector for on-chip HDC.
This is due to the fact that the resolution in the differential pres-
sure sensing was instead of 2 Pa, as was the
case for the stand-alone pressure sensing membranes. This is
partially due to the fact that a theoretically 3 times less sensitive
membrane was used in the integrated detector compared to the
stand-alone sensors.
Other factors that can improve sensitivity are as follows.
• Use of a more powerful and more stable laser system
as the one that was used for the stand-alone pressure
sensors instead of the laser diode applied with the in-
tegrated viscosity detector.
• Increase of the reflectance of the silicon nitride mem-
brane as was done with the stand-alone sensors.
• Resizing the membrane of the pressure sensor .
Taking a smaller and thinner membrane would enable
a simultaneous improvement of the hydraulic capac-
itance and the sensitivity. Replacing the membrane
(206 206 , thickness 470 nm) by a 100 100
, 55 nm thick membrane (which is technologically
feasible [45]) would meet the requirements for the hy-
draulic capacitance and give a five-fold improvement
in sensitivity.
B. Scaling
It is useful to calculate how the performance scales if the de-
tector would be coupled to a conventional liquid chromatog-
raphy (LC) system. As the design constraints imposed by the
HDC separation channel do not apply, the geometry can be
rescaled at will. A scaling analysis gives for the bridge pressure
(13)
If we assume a comparable linear speed in the system, the
volume flow and sample volume both scale with the
column area. Consequently, an increase in column area would
mean that remains approximately equal. Given the fact that
increases, the fluidic resistance must decrease. For a compa-
rable response time this means that the hydraulic capacitance of
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TABLE IV
LIST OF VARIABLES
the membrane pressure sensor can be enlarged, enabling a more
sensitive measurement of the differential pressure. Altogether
the resolution of the viscosity detector is increased for larger
LC techniques.
VI. CONCLUSION
A functional viscosity detector was manufactured and tested
that is suitable for integration with an on-chip hydrodynamic
chromatography system. Using a nonoptimized system, differ-
ential viscosity sensing was demonstrated leading to a reso-
lution in specific viscosity of 3.0 . Sufficient possibili-
ties for improvement exist in order to obtain the desired reso-
lution of . Furthermore it is shown theoretically that the
scaling behavior of this system is beneficial for larger, conven-
tional polymer separation systems. This could enable viscosity
detection for LC systems employing sample volumes that are
too small for conventional viscosity detectors.
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